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A genomic DNA fragment with carotenogenic genes involved in myxol biosynthesis (30,40-didehydro-
10,20-dihydro-b,w-carotene-3,10,20-triol) was cloned from Flavobacterium P99-3. It contains a gene
highly homologous to crtA from purple bacteria encoding there an acyclic carotenoid 2-ketolase.
Since no ketolation step is involved in myxol biosynthesis, the function of crtA-OH from Flavobacte-
rium was assigned by complementation in Escherichia coli engineered to synthesize demethylsphe-
roidene and 10-hydroxy-demethylspheroidene. Upon co-expression of crtA-OH, the formation of
2-hydroxy derivatives of both carotenoids assigns CrtA-OH as a novel carotenoid hydroxylase. The
gene was used to re-construct myxol biosynthesis in E. coli successfully. Additionally, 10,20-dihydr-
oxytorulene and 1,2,10-trihydroxy-3,4,30,40-tetradehydrolycopene were obtained. Their generation
demonstrates that a new class of 2-hydroxy carotenoids can now be pursued by genetic engineering
in E. coli.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Myxol (30,40-didehydro-10,20-dihydro-b,w-carotene-3,10,20-triol)
is a monocyclic carotenoid. It is derived from c-carotene with addi-
tional hydroxy groups at position 3 of the ionone ring and at C-10
and C-20 at the acyclic end of the molecule. In addition, a C-30/C-
40 double bond is introduced. Myxol was ﬁrst found in P99-3, a
bacterium associated with the marine sponge Homaxinella sp. [1].
This carotenoid is responsible for the orange pigmentation of the
sponge. Recently, another marine myxol-producing bacteria Robi-
ginitalea myxolifaciens strain YM6-073 belonging to the Flavobacte-
riaceae have been isolated [2,3]. Myxol is the aglycon of
myxoxanthophyll which is present in several cyanobacteria [4].
In Nostoc sp. PCC 7120, the sugar moiety is a 20-fucoside [5] and
in Synechococcus sp. PCC 6803 a 20-dimethylfucoside [6]. In Ana-
baena variabilis ATCC 29413 myxoxanthophyll is absent but is re-
placed by free myxol [7]. Antioxidative properties have been
reported for myxoxanthophyll [8]. Although the complete genome
sequences of this Nostoc and Synechocystis strains are available, it
was not possible to identify the speciﬁc genes responsible for the
myxol biosynthesis pathway in cyanobacteria.chemical Societies. Published by E
. Sandmann).Recently, three carotenogenic genes from myxol-forming Flavo-
bacterium P99-3 have been cloned and identiﬁed. One is the gene
of a lycopene monocyclase which preferentially synthesized c-car-
otene and is homologous to other bacterial crtY type genes [9].
Other genes encode a 3-hydroxylase inserting hydroxy groups at
the ionone ring which is homologous to bacterial crtZ genes [10]
and a 1-HO-carotenoid 3,4-desaturase highly active in converting
monocyclic substrates [11]. To date, the genes involved in the for-
mation of the hydroxy groups at C-10 and C-20, the ﬁnal steps in the
pathway to myxol, are still missing.
In this investigation, we cloned from a gene cluster from Flavo-
bacterium P99-3 a crtA type gene related to a carotenoid 2-ketolase
from purple bacteria with a novel function. The product of this
gene was identiﬁed as a carotenoid 2-hydroxylase catalyzing the
last reaction of myxol synthesis. This gene is useful in combinato-
rial synthesis of novel carotenoid structures.
2. Materials and methods
2.1. Strains and cultivation
Flavobacterium P99-3, MBI collection # 03313, was grown in
marine broth containing 5 g/l peptone, 1 g/l yeast extract and
40 g/l sea salt at 30 C. Escherichia coli DH5a was used for the clon-
ing of the carotenogenic gene cluster and plasmid ampliﬁcations.lsevier B.V. All rights reserved.
1606 N. Rählert et al. / FEBS Letters 583 (2009) 1605–1610Functional complementation studies and the re-construction of the
pathway to myxol were carried out in E. coli JM101. The transfor-
mants were grown in LB medium [12] at 25 or 37 C with added
antibiotics ampicillin (100 lg/ml), chloramphenicol (34 lg/ml),
tetracyclin (25 lg/ml) and kanamycin (34 lg/ml) according to
their plasmids. For protein expression, 0.5 mM of IPTG was added
after the optical density at 600 nm had reached a value of 0.3.
2.2. Cloning of the carotenogenic gene cluster from Flavobacterium
P99-3 and plasmid construction
Genomic DNA from Flavobacterium P99-3 was extracted and
puriﬁed with the Genomic-tip 500/G Kit from Qiagen (Hilden,
Germany) according to the manufacturer’s instruction and used
for the construction of an expression library. Partial digestion with
Sau3AI was optimized to obtain DNA fragments in sizes rangingFig. 1. Organization of the crtA gene in Flavobacterium P99-3 (A) and phylogenetic tree w
b-carotene hydroxylase [10], crtD encoding a 1-HO-carotenoid 3,4-desaturase [11] and cr
by amino acid sequence homology: orfI to phytoene desaturase, orfB to phytoene synthfrom 3 to 20 kb. This DNA library was ligated into the dephospho-
rylated vector pUC8 [13] cut open with BamHI, transformed into
E. coli and the cells grown over night. About 20 000 colonies were
collected and their DNA isolated with the Qiagen Plasmid-tip 100
Kit. For color screening of a lycopene cyclase, the library was trans-
formed into lycopene synthesizing red E. coli JM101/pACCRT-EBIEu
[14]. One yellow colony was found. HPLC analysis demonstrated
the conversion of lycopene to c-carotene and some b-carotene
indicating that a lycopene cyclase gene must be present (data
not shown). The corresponding 15 kb plasmid originating from
the Flavobacterium library was rescued, digested with BamHI, the
fragments were subcloned into pUC8 yielding pUCK4 and pBSKK6
and the inserts sequenced.
The expression plasmid pQE30crtA-OH was constructed accord-
ing to the gene sequence by PCR ampliﬁcation of crtA-OH with the
primers A-sph-fwd: 50gctttatctattgcatgcaatgtc 30 and A-hind-rev:ith related genes (B). Assignment of functionally identiﬁed crt genes: crtZ encoding a
tY encoding a lycopene cyclase [9]. Tentative assignment of the open reading frames
ase, orfA to a 1-HO-3,4-dehydro acyclic carotenoid ketolase.
Fig. 2. Functional assignment of crtA-OH from Flavobacterium P99-3 by pathway
complementation in Escherichia coli by HPLC separation of carotenoids. Trace A:
JM101/pACCRT-EBIRc/pSO50; trace B: JM101/pACCRT-EBIRc/pSO50/pQE30crtA-OH;
trace C: JM101/pACCRT-EBIRc/pSO50/pQE30crtA-OH oxidized with p-chloranil; and
trace D: JM101/pACCRT-EBIRc/pSO50/pQE32crtARc. Carotenoids: 1, 10-hydroxy-
demethylspheroidene; 2, demethylspheroidene; 3, 2,10-dihydroxy-demethylsphe-
roidene; 4, 2-hydroxy-demethylspheroidene; 5, 10-hydroxy-demethylspheroide-
none; and 6, demethylspheroidenone.
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tion site. The product was ligated into plasmid pQE30 (Qiagen, Hil-
den Germany) digested with SphI and HindIII (see above). Plasmid
pRKcrtR was constructed by PCR ampliﬁcation of the crtR gene
from Synechococcus PCC6301 with the primers R-bam-fwd: 50
CATTCCACGGATCCTGGCAG 30 and A-pst-rev: 50 AATTCGGAGCCTG-
CAGCTAC 30 and ligation into the BamHI/PstI-digested plasmid
pUC8.1 [13]. Then, the whole expression cassette was cut out with
PvuII and ligated into the HindIII digested, Klenow fragment-trea-
ted and dephosphorylated plasmid pRK404 [15].
2.3. Pathway complementation and re-construction with
pQE30crtA-OH
Functional complementation experiments were carried out in
E. coli by combination of different compatible plasmids conferring
different antibiotic resistances. These plasmids were pACCRT-EBIRc
[16] for the generation of neurosporene, pACCRT-EBIal2 [17] for
the generation of c-carotene, pSO50 [18] carrying an acyclic caro-
tene 1,2-hydratase crtC and an additional 3,4-desaturase gene crtD,
pQE32crtARc expressing an acyclic carotene 2-ketolase CrtARc from
Rhodobacter capsulatus [19] and pRKcrtR with a cyanobacterial b-
carotene hydroxylase gene crtR (for construction, see above).
2.4. Carotenoid extraction, analysis and chemical modiﬁcation
Carotenoids were extracted from freeze-dried E. coli cells trans-
formed with different combinations of plasmids by heating for
20 min at 55 C in methanol containing 6% KOH. The extracts were
partitioned against 10% ether in petrol and the carotenoids in the
upper phase separated by HPLC. The system used was a Hypersil
HyPurity Elite C18 column (5 l particle size) run with acetoni-
trile/2-propanol/methanol 85:10:5 (v/v/v) at 20 C [20]. Standards
for the identiﬁcation of carotenoids by co-chromatography and
comparison of their spectra were obtained from E. coli transformed
with appropriate carotenogenic genes [21]. The ﬂow rate was 1 ml/
min and the column temperature 20 C. Detection was with a Kon-
tron DAD 440 photodiode array detector with on-line registration
of the spectra. In parallel samples, the carotenoids with a second-
ary 2-hydroxy group were oxidized to 2-keto derivatives with p-
chloranil [22].
2-HO carotenoids were puriﬁed in two steps ﬁrst involving
thin layer chromatography (TLC) on silica plates with toluene/
methanol/ethylacetate (60:30:10, v/v/v) and then HPLC as de-
scribed above. The isolated carotenoids were partitioned into
ethyl acetate and then dried under a stream of nitrogen gas. Their
masses were determined by MALDI-TOF. The a-cyan-4-hydroxy-
cinnamic acid (CHCA) matrix solution was prepared in acetone
at 1–10 mg/ml. Carotenoid (1 ll) was mixed with an equal vol-
ume of matrix and 0.5 ll spotted onto the target plate (Anchor
target plate, Bruker Daltonics, Coventry, UK). Alternatively the
thin-layer procedure of sample application was carried out by
dissolving nitrocellulose membrane (10 mg) in acetone (0.5 ml).
Mixing was performed to ensure solubilization of the nitrocellu-
lose. To this solution, isopropanol (0.5 ml) was added. The nitro-
cellulose solution was then mixed with the matrix in a ratio of
one part nitrocellulose to three parts matrix. The nitrocellulose/
matrix mixture (0.5 ml) was mixed with the carotenoid solution
(0.5 ll) and spotted onto the plate. MALDI-TOF spectra were ac-
quired with a Bruker MALDI-TOF Reﬂex III (Coventry, UK) oper-
ated in the positive reﬂectron mode. A nitrogen laser emitting
at 337 nm was used to generate ions. A source voltage of 25 kV
was used, 20.7 kV extraction voltage and no ion suppression
was employed. Data were acquired with 50 shots/scan, 3 scans/
spectrum. The mass spectrometer was calibrated with authentic
carotenoid standards in this case zeaxanthin.3. Results and discussion
3.1. Carotenogenic genes
An expression library from Flavobacterium P99-3 was screened
by functional complementation in search of an expressed lycopene
cyclase which mediates a color change from red to yellow in E. coli
with a lycopene background. From a positive transformant a geno-
mic DNA fragment was obtained on which a putative carotenogen-
ic gene cluster was located. Its organization is shown in Fig. 1A.
Previously, three assigned carotenogenic crt genes were function-
ally identiﬁed encoding a lycopene cyclase crtY [9], a b-carotene
hydroxylase crtZ [10] and a 1-HO-carotenoid 3,4-desaturase [11]
crtD which are all assigned as crt genes in Fig. 1A. In addition, orfI
and orfB both upstream of crtZ and transcribed in the same direc-
tion exhibit identities to phytoene desaturases (up to 33% for the
functionally characterized desaturase from Brevibacterium linens
[23]) and to phytoene synthases (up to 36% for the functionally
characterized synthase from B. linens [23]), respectively. The
remaining open reading frames are orf1 with no assigned function
and orfA which is transcribed in the opposite direction. The en-
coded protein of the latter shows a phylogenetic relationship to
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dro acyclic carotenoids [24] although a ketolation reaction is not
part of myxol biosynthesis. It aligns with several crtA gene prod-
ucts from purple bacteria. The closest relatives to OrfA were CrtA
from Rubrivivax gelatinosus and Rhodovulvum sulﬁdophilum.
3.2. Catalytic function of the crtA gene product
The function of the product of orfA from Flavobacterium P99-3
was elucidated by pathway complementation studies. Since dem-
ethylspheroidene and 10-hydroxy-demethylspheroidene serve as
suitable substrates for CrtA from purple bacteria [19], E. coli was
transformed with two plasmids that mediates the formation of
both acyclic carotenoids. The HPLC separation of the carotenoidsFig. 3. The carotenogenic pathway to acyclic and monocyclic 2-hydroxy carotenoids f
demethylspheroidene.shows the presence of 10-hydroxy-demethylspheroidene (peak 1
at 11.8 min) and demethylspheroidene (peak 2 at 20 min) both
exhibiting absorbance spectra with maxima at 427, 455 and
486 nm (Fig. 2A). Transformation of this E. coliwith a third plasmid
pQEcrtA-OH expressing orfA from Flavobacterium P99-3, resulted in
the disappearance of the demethylspheroidene peak and a
decrease of the 10-hydroxy-demethylspheroidene peak (Fig. 2B).
Instead, two other carotenoids appeared at 8 (peak 3) and 14 min
(peak 4) with the same spectra as the previous carotenoids. How-
ever, no carotenoids with a keto type spectrum were detectable.
When this carotenoid extract was oxidized with p-chloranil which
can oxidize an allylic alcohol group to a corresponding keto group
[22] prior to HPLC separation, two additional carotenoids at 10
(peak 5) and 17 min (peak 6; Fig. 2C) each with a bell shaped max-rom neurosporene (A), from lycopene (B), or from c-carotene to myxol (C). DMS,
Fig. 4. Reconstruction of the carotenoid pathway involving crtA-OH to myxol as the
end product in Escherichia coli. (A) Myxol from Flavobacterium P99-3, (B) carote-
noids from JM101/pACCRT-EBIal2/pSO50/pQE30crtA-OH/pRKcrtR and from (C)
JM101/pACCRT-EBIal2/pSO50/pQE30crtA-OH/pRKcrtR oxidized with p-chloranil.
Carotenoids: 1, myxol; 2, 1,2,10-trihydroxy-3,4,30 ,40-tetradehydrolycopene; 3, zea-
xanthin; 4, 1,10-dihydroxy-3,4-didehydrolycopene; 5, 10 ,20-dihydroxytorulene; 6,
1,10-dihydroxy-2-keto-3,4,30 ,40-tetradehydrolycopene; 7, 2,10-dihydroxy-20-keto-
torulene; and 8, 10-hydroxy-20-ketotorulene.
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group were found. In order to identify these carotenoids as 10-hy-
droxy-demethylspheroidenone and demethylspheroidenone, both
carotenoids were synthesized by the E. coli transformant JM101/
pACCRT-EBIRc/pSO50/pQE32crtARc with the crtARc gene fromR. cap-
sulatus [19] as chromatographic standards. Upon chromatography,
both standards related to peak 5 and 6, respectively, by retention
times and spectral properties. This identiﬁes the non-oxidized
carotenoids related to peak 3 as 2,10-dihydroxy-demethylspheroid-
ene and peak 4 as 2-hydroxy-demethylspheroidene (see Fig. 3 for
structures). In addition, we determined the masses of both carote-
noids as m/e 570.4 and 588.6, respectively, which ﬁt to the struc-
tures. The complementation results of Fig. 2 indicate that orfA
from Flavobacterium P99-3 – now named as crtA-OH – encodes a
1-HO-3,4-dehydro acyclic carotenoid 2-hydroxylase of a novel
function. This is in contrast to the phylogenetically related crtA
genes from purple bacteria which encode a 1-HO-3,4-dehydro acy-
clic carotenoid 2-ketolase that converts the same substrate carote-
noids but inserts a keto group. The reactions leading to the
formation of the substrates for CrtA-OH in E. coli, the catalytic reac-
tions and the oxidation of the resulting carotenoid products are
indicated in pathway A of Fig. 3.
Formation of the 2-keto group in purple bacteria involves two
hydroxylation subsequent steps at the same carbon atom catalyzed
in a monooxygenase reaction followed by water elimination [19].
In this reaction sequence, the 2-HO intermediate is a suitable sub-
strate for the enzyme. This demonstrates that the 2-hydroxylase
CrtA-OH from Flavobacterium is not only structurally but also func-
tionally related to the 2-ketolase from purple bacteria.
3.3. Reconstruction of the pathway to myxol in E. coli
The formation of a 2-HO group is one of the last steps in myxol
biosynthesis (Fig. 3C). Since with crtA-OH the last gene for the syn-
thesis of this acyclic carotenoid is now available, it is possible to
reconstruct the myxol biosynthesis pathway in E. coli. This was
achieved by combination of four different plasmids. Plasmid pAC-
CRT-EBIal2 mediates the formation of c-carotene, genes crtC and
crtD on pSO50 continue with hydration of the terminal double
bond and insertion of a 3,4-double bond yielding 10-hydroxytoru-
lene (see reactions in Fig. 3C). Then CrtA-OH on plasmid pQEcr-
tA-OH and CrtR on pRKcrtR insert a hydroxy group at position 20
of the acyclic end and at position 3 at the b-ionone ring, respec-
tively. This complementation resulted in the formation of myxol
(peak 1 in Fig. 4B at 6 min, absorbance maxima 445, 475 and
508 nm) as the major carotenoid. Myxol from Flavobacterium
P99-3 was run as a chromatography standard (Fig. 4A). Several
intermediates could also be found. One of it was 10,20-dihydroxy-
torulene (peak 5 at 15 min, absorbance maxima at 443, 475,
508 nm, tentatively assigned by its oxidation product in trace C)
which is a direct precursor of myxol. Two acyclic carotenoids orig-
inate from a parallel pathway starting from lycopene (Fig. 3B).
They include 1,10-dihydroxy-3,4,-didehydrolycopene (peak 4 at
13 min, absorbance maxima at 455, 483 and 514 nm, standard ob-
tained as described in Ref. [25] and 1,2,10-trihydroxy-3,4,30,40-tet-
radehydrolycopene (peak 2, absorbance maxima at 465, 492 and
525 nm, tentatively assigned by its oxidation product in trace C).
In addition, lycopene can by cyclized to a minor extent at both ends
by Al-2 [17] and is then further hydroxylated by CrtR to zeaxanthin
(Fig. 4B peak 3 at 9 min, absorbance maxima at 430, 452, 480 nm
standard obtained as described in Ref. [26]. When the carote-
noids from E. coli transformant JM101/pACCRT-EBIal2/pSO50/
pQE30crtA-OH/pRKcrtR were oxidized with p-chloranil, three ket-
ocarotenoids could be detected (Fig. 4C). These were 1,10dihy-
droxy-2-keto-3,4,30,40-tetradehydrolycopene (peak 6 at 5 min,
absorbance maximum at 500 nm), 3,10-dihydroxy-20-ketotorulen(peak 7 at 7 min, absorbance maximum at 490 nm), which is the
oxidation product of myxol, and 10-hydroxy-20-ketotorulene (peak
8 at 16 min, absorbance maximum at 490 nm). Standards for 1,10-
dihydroxy-2-keto-3,4,30,40-tetradehydrolycopene, and 3,10-dihy-
droxy-20-ketotorulene were obtained by similar gene combinations
as in Fig. 4B and C but with plasmid pQE30crtA-OH replaced by
pQE32crtARc which contains the crtARc gene from R. capsulatus.
In general, the reconstitution of the biosynthetic pathway to
myxol in E. coli including the side reaction which yielded novel
carotenoid structures demonstrates that with the availability of
the unique crtA-OH gene, the tailoring of carotenoids with modiﬁed
chemical structures can now be extended to novel 2-hydroxy
derivatives. This modiﬁcation may enhance the antioxidative prop-
erties of a series of protective acyclic and monocyclic
carotenoids already generated by gene combination in E. coli
[25].
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